Some patients with disorders affecting the hippocampus have relatively intact memory, but the mechanisms underlying this preservation of function are still debated. In particular, it is unclear whether preserved memory is attributable to significant residual function of unaffected hippocampus or to functional brain reorganization. Here, we investigated brain activation during an associative short-term memory task in two human patient groups matched for extent of postsurgical damage to the right hippocampal formation that differed in two key features, memory performance and preoperative disease course. Patients showed strikingly distinct activation patterns that correlated differentially with behavioral performance, strongly suggesting that intact associative short-term memory with hippocampal dysfunction is indeed related to compensatory brain reorganization. This process appears to depend both on activation of the contralesional hippocampus and on increased engagement of a distributed short-term memory network in neocortex. These data clarify the existence of an efficient hippocampal-neocortical mechanism that compensates for hippocampal dysfunction.
Introduction
Recent lesion and imaging studies suggest that, beyond its role in long-term memory, the hippocampus is also involved in representation of associative visual information across delays as short as some seconds (for review, see Ranganath, 2010; Jeneson and Squire, 2012) . Although observations in patients with focal hippocampal lesions of various etiologies have shown that corresponding short-term memory deficits are clearly present in many subjects (Olson et al., 2006; Hannula et al., 2006; Finke et al., 2008) , they were nevertheless absent in others . Consistent with the central position of the hippocampus in brain networks (van den Heuvel and Sporns, 2011) , it has been suggested recently that hippocampal dysfunction may induce structural and functional changes both in the hippocampus and in neocortical regions that are usually linked to working memory functions (Castellanos et al., 2011; Poch and Campo, 2012) . However, it is currently unclear whether such network changes indeed mediate compensation of performance in hippocampusdependent memory tasks. So far, imaging studies of resting state functional connectivity in patients with lateralized hippocampal dysfunction have yielded conflicting results, with connectivity changes in the contralesional hemisphere correlating positively with memory performance in some studies (Bettus et al., 2009) and negatively in others (Campo et al., 2012) . In particular, the role of the contralateral hippocampus for compensation of focal lateralized hippocampal damage is controversial. In task-related activation studies using patients with unilateral hippocampal sclerosis, both activation and deactivation of contralateral hippocampus and activation of posterior ipsilateral hippocampus was found to correlate with preserved performance in visuospatial memory tasks (Powell et al., 2007; Figueiredo et al., 2008; Bonelli et al., 2010; Stretton et al., 2012 ). An open issue is whether these results indeed reflect network reorganization, because in many patient studies, the precise functional status of the diseased hippocampus cannot be determined with certainty. It has moreover proven difficult to disentangle disease-related factors such as active epilepsy clearly from behaviorally relevant compensation of hippocampal injury (Janszky et al., 2004; Figueiredo et al., 2008) . Therefore, identification of key mechanisms that drive reorganization may depend critically on research in complementary patient models.
Here, we investigated the mechanisms underlying normal memory performance in humans with hippocampal dysfunction by taking a new approach. Task-related brain activity was studied in patients with comparable postsurgical lesions to the right hippocampal formation, but different integrity of memory function. Patients had been treated surgically for either hippocampal sclerosis or benign brain tumor. These two disorders differ significantly in their preoperative disease course, with earlier onset of epilepsy in hippocampal sclerosis patients (Baulac et al., 2004; Sadler, 2006) . We have shown previously that this is paralleled by significant performance differences in an associative short-term memory task sensitive to hippocampal dysfunction, with normal performance in hippocampal sclerosis patients and deficient performance in tumor patients Finke et al., 2008) . Building on these studies, we compared activation patterns between these patient groups to investigate possible neural correlates of reorganization of associative short-term memory.
Materials and Methods
Subjects. Eleven patients were recruited from the Department of Neurosurgery and the Department of Neurology at the Charité-Universitäts-medizin Berlin, Berlin, Germany (Table 1 ). All patients had undergone resection of right medial temporal lobe (MTL) structures for the treatment of epilepsy caused either by a benign brain tumor in the MTL (2 females, 3 males, age 32.4 Ϯ 3.9 years) or by hippocampal sclerosis (3 females, 3 males, age 37.8 Ϯ 4.1 years). All patients had already participated in a previous behavioral study by our group . Histopathological diagnosis was established independently by two neuropathologists who agreed on the diagnosis in each case. Postoperatively, all patients were free of seizures (Engel class I; Engel et al., 1993) . All patients were right-handed, free of additional neurological or psychiatric disorders, and normal on neurological examination. All patients were fully integrated into their preoperative social and professional living conditions. By the time of testing, several patients from both groups were taking anticonvulsant medication in regular dosages. All patients were well outside of the postoperative period with similar times since resection (Mann-Whitney test, p ϭ 0.93; Table 1 ). In contrast, patients differed significantly with respect to the duration of preoperative epilepsy, with longer disease courses in hippocampal sclerosis patients (16.8 Ϯ 1.9 years) compared with brain tumor patients (1.8 Ϯ 0.6 years; p Ͻ 0.001; Table 1 ).
The control group consisted of 14 right-handed healthy subjects (7 females, 7 males, age 33.0 Ϯ 1.4 years) without any history of neurological or psychiatric disorders. There were no differences between the two patient groups and the control group with respect to age (Kruskal-Wallis test, df ϭ 2, 2 ϭ 1.8, p ϭ 0.41) and years of education (tumor patients, 13.4 Ϯ 0.9 years; hippocampal sclerosis patients, 15.0 Ϯ 0.8 years; control subjects, 14.1 Ϯ 0.5 years; df ϭ 2, 2 ϭ 1.9, p ϭ 0.38). Verbal and nonverbal intelligence were assessed in all subjects by the MWT-B, a German equivalent to the National Adult Reading Test (Lehrl, 2005) , and the LPS subtest no. 3, a German equivalent to Raven's Progressive Matrices (Horn, 1983) . No significant differences in verbal and nonverbal IQ were found between the groups (verbal IQ: tumor patients, 108.6 Ϯ 5.3; hippocampal sclerosis patients, 106.3 Ϯ 3.6; control subjects, 109.2 Ϯ 4.1; df ϭ 2, 2 ϭ 0.2, p ϭ 0.93; LPS scores [t-values]: tumor patients, 59.6 Ϯ 3.5; hippocampal sclerosis patients, 60.7 Ϯ 2.6; control subjects, 62.5 Ϯ 1.7; df ϭ 2, 2 ϭ 0.8, p ϭ 0.69). All participants had normal or corrected-to-normal vision and were native German speakers. The study was approved by the local ethics committee and conducted in conformity with the Declaration of Helsinki. Written informed consent was obtained from all participants.
Lesion analysis. Lesion analysis was performed on high-resolution 3D magnetization prepared rapid acquisition gradient echo (MPRAGE) images that were acquired in all participants (see below). Lesion boundaries were manually delineated on each coronal slice of the individual images using MRIcron software (www.mricro.com/mricron; Rorden et al., 2007) . The individual MPRAGE image and lesion shape were then spatially normalized to the MNI brain template using the unified segmentation and normalization approach provided with SPM8 (www.fil.ion.ucl. ac.uk/spm; Ashburner and Friston, 2005) . This method has been shown to provide a better and more reliable matching of lesioned brains to a standard template than commonly used alternatives, such as standard nonlinear approaches with cost-function masking (Crinion et al., 2007) . Lesion overlap analysis for brain tumor and hippocampal sclerosis patients demonstrated comparable postsurgical lesion extent in both patient groups, with lesions of right anterior hippocampus, amygdala, entorhinal cortex, parts of perirhinal cortex in all patients and additional damage to parahippocampal and inferotemporal cortex in some patients (Fig. 1) . In addition, individual lesion extent was determined by using anatomical landmarks proposed by Insausti and Amaral (2004) and Insausti et al. (1998) as described previously  Table 1 ).
Stimuli and behavioral paradigms. Visual stimuli were presented using Cogent 2000 (www.vislab.ucl.ac.uk/cogent.php) running in a MATLAB R2010a environment (www.mathworks.com). The stimuli were rearprojected onto a screen inside of the scanner using an LCD projector and viewed through a mirror attached to the head coil. Manual responses were recorded by a two-button response box in the subject's right hand. Subjects performed three variants of a delayed match-to-sample (DMTS) task and a control task with identical visual displays and timing (Fig. 2) . The DMTS tasks were modifications of a task that has been shown previously to be sensitive to hippocampal damage and to require short-term memory of colors, locations, or color-location associations Finke et al., 2008) .
Stimuli were small squares, subtending 0.7 ϫ 0.7°of visual angle. In the color and association tasks, squares were of easily discriminable colors, whereas squares in the location task were dark gray. The location of each square was pseudorandomly chosen from 48 possible locations to avoid repetition of sample arrays. The minimal distance between the centers of squares was at least 2.0°. A trial started with the simultaneous presentation of two or four squares for 200 ms while subjects fixated on a central dot. After an unfilled delay period of 5000 ms, a probe stimulus appeared and subjects indicated by an unspeeded manual key press whether the probe stimulus matched one of the sample squares in color (color task), location (location task), or color and location (association task). The probe stimulus was presented until the subject pressed a key with a maximum presentation time of 2000 ms; there was no minimum probe presentation time. The length of the intertrial interval was varied between 2 and 14 s (mean, 5.6; SD, 3.3). The control task required no memory of the sample stimuli. Instead, subjects had to indicate whether the square presented after the delay appeared to the left or right of the fixation dot. The different tasks were administered in separate blocks of eight trials with an equal number of match and nonmatch trials. The experiment comprised four consecutive runs that contained seven experimental blocks in a counterbalanced order. In total, subjects performed 224 trials (i.e., 32 trials per condition). All subjects were given standardized written task instructions and performed two training blocks for each task outside of the scanner. Task performance was calculated both in percentage correct and dЈ scores (Macmillan and Creelman, 2005 ). Because we found no differences between results from statistical analyses using either measure of performance, the percentage correct scores are reported henceforth. Because the number of subjects permitted no meaningful conclusions on the normality of the data distribution, nonparametric statistical tests were used (Altman, 1991) . Effect sizes were determined by calculating Cohen's d (Friston, 2012) .
MRI data acquisition. Whole-brain MRI data were acquired on a Siemens Magnetom Tim Trio 3T scanner equipped with a 12-channel phased-array head coil at the Dahlem Institute for Neuroimaging of Emotion at the Freie Universität Berlin, Berlin, Germany. For each subject, four functional runs with 415 volumes were collected using an echoplanar imaging sequence (TR ϭ 2000 ms, TE ϭ 30 ms, flip angle ϭ 70°, FOV ϭ 192 mm ϫ 192 mm, matrix size ϭ 64 ϫ 64, voxel size ϭ 3 ϫ 3 ϫ 3 mm, 37 axial slices aligned to the bicommissural plane, slice thickness 3 mm, interslice gap 0.6 mm). For lesion analysis and registration of the functional images, high-resolution MPRAGE 3D T1-weighted anatomical images were collected (TR ϭ 1900 ms, TE ϭ 2.52 ms, flip angle ϭ 9°, inversion time ϭ 900 ms, FoV ϭ 256 mm ϫ 256 mm, matrix size ϭ 256 ϫ 256, 176 sagittal slices, slice thickness 1 mm).
fMRI data analysis. MRI data were preprocessed and analyzed using FEAT (fMRI Expert Analysis Tool; version 5.98), which is part of the FMRIB Software Library (FSL; www.fmrib. ox.ac.uk/fsl; Smith et al., 2004) . Image preprocessing included brain extraction, slice timing correction, motion correction, spatial smoothing using a 5 mm FWHM Gaussian kernel, and high-pass filtering (Gaussian-weighted leastsquares straight line fitting, ϭ 100 s) to remove low-frequency noise from the data. FMRIB's Linear Image Registration Tool (Jenkinson and Smith, 2001 ) was used for a two stage registration of functional images to the MNI space. The functional images were first coregistered to the individual's T1-weighted structural image using a seven-parameter affine transformation and then normalized to the MNI T1 reference brain template provided with FSL using a 12-parameter affine transformation. Analysis of motion parameters revealed no differences between groups (one-way Experimental paradigms. Subjects performed three variants of a delayed match-to-sample task. While fixating a central fixation cross, subjects were presented an array of two or four squares. After a memory delay of 5000 ms, a single probe stimulus appeared and subjects indicated whether the probe matched one of the sample stimuli in color, location, or association (color and location). In the control task, no memory of the sample stimuli was required and subjects instead had to indicate whether the square presented after the delay appeared to the left or right of the fixation dot.
ANOVA, absolute motion, F ϭ 0.46, p ϭ 0.63; relative motion, F ϭ 0.41, p ϭ 0.96) and absolute head motion was Ͻ1.5 mm for all subjects (mean, 0.42 mm). Statistical analysis was performed within the framework of the general linear model. The time series was modeled individually for each subject and run with eventrelated regressors representing the DMTS tasks (three tasks: color, location, and association ϫ two loads: two and four items) and the control task. An additional error regressor was used to model brain activity related to incorrect trials. Regressors modeled the whole trial including encoding, maintenance, and retrieval and were convolved with a gamma hemodynamic response function. Contrast images were computed for each task and subject and then entered into a second-level within-subject fixed-effects analysis across runs. Group effects were computed using FMRIB's Local Analysis of Mixed Effects (FLAME) treating subjects as random variable. Given our a priori hypothesis regarding a possible compensatory role of the contralesional hippocampus for associative memory in our patients, an anatomically defined mask was applied to restrict the analysis to the left hippocampus. The mask was defined using the Harvard-Oxford subcortical structural atlas provided with FSL (www. cma.mgh.harvard.edu/fsl_atlas.html) with a 50% probability threshold. To investigate a possible contribution of neocortical regions, a second, whole-brain group analysis was performed using FLAME. For both analyses, a statistical threshold of z Ͼ 2.3 and correction for multiple comparisons using Gaussian random field theory at cluster level ( p Ͻ 0.05) were used. For simultaneous visualization of significant activations and brain lesions, z-maps and group lesion maps were overlaid on a standard anatomical template using MRIcron (www.mricro.com/mricron; Rorden et al., 2007) . To further explore differential left hippocampal and neocortical contributions to associative memory between groups, percentage signal change was extracted from regions of interest (ROIs) in the left hippocampus and in the DLPFC and posterior parietal cortex (PPC) bilaterally for each subject. ROIs were defined by clusters of significantly activated voxels from the contrast association task Ͼ control task for the comparison of hippocampal scleroses patients Ͼ brain tumor patients. Finally, we investigated whether the BOLD change in these ROIs predicted memory performance in the association task on a subject level in patients. To this end, we performed a stepwise linear regression with "percentage signal change" and "patient group" as independent variables and "memory performance" as the dependent variable.
Results

Behavioral results
Subjects performed three variants of a delayed match-to-sample task, requiring memory of color, location, or color and location (association) of two or four squares for a delay of 5000 ms (Fig. 2) . Manual response times did not differ between groups (controls, mean 1068 Ϯ 58 ms; brain tumor patients, mean 1040 Ϯ 112 ms; hippocampal sclerosis patients, mean 1011 Ϯ 83 ms; df ϭ 2, 2 ϭ 0.8, p ϭ 0.67, Kruskal-Wallis test). Memory performance did not differ significantly between groups in the color (df ϭ 2, 2 ϭ 5.2, p ϭ 0.075) and in the location task (df ϭ 2, 2 ϭ 0.4, p ϭ 0.815; Fig. 3 ). In the association task, however, significant group differences were observed (df ϭ 2, 2 ϭ 8.1, p ϭ 0.018). Post hoc analyses showed that brain tumor patients performed worse than hippocampal sclerosis patients ( p Ͻ 0.03) and control subjects ( p Ͻ 0.007). Hippocampal sclerosis patients performed at the same level as controls ( p ϭ 0.21). Calculation of Cohen's d revealed large effect sizes for the observed performance differences between brain tumor patients and controls (Cohen's d ϭ 1.4) and between brain tumor patients and hippocampal sclerosis patients (Cohen's d ϭ 1.13). A small effect size was observed for the difference in performance between controls and hippocampal sclerosis patients (Cohen's d ϭ 0.39). Therefore, we replicated our previous findings that brain tumor patients (i.e., patients with short preoperative disease course) show a selective associative memory deficit, whereas hippocampal sclerosis patients (i.e., patients with long preoperative disease course) had no such memory impairment despite similar lesions of the right MTL .
fMRI results
The behavioral results suggest efficient reorganization of memory networks in hippocampal sclerosis patients, but not in brain tumor patients. To investigate whether this compensatory mechanism involves the intact, contralesional hippocampus, we confined our first analysis to the left hippocampus (using an Figure 3 . Behavioral performance. Brain tumor patients performed significantly worse than hippocampal sclerosis patients and controls in the associative memory task, whereas hippocampal sclerosis patients showed no memory deficits compared with controls. In the color and the location memory task, no significant performance differences were observed between groups. anatomically defined mask, see Materials and Methods). Regarding the performance differences between groups in the association task, we analyzed the BOLD response in association trials in contrast to the BOLD response in control trials. For comparison of hippocampal sclerosis patients with brain tumor patients, we observed a significant cluster of activation in the left hippocampus ( p Ͻ 0.01, cluster corrected; Fig. 4, Table 2 ). Moreover, a similar activation was observed for comparison of hippocampal sclerosis patients with control subjects ( p Ͻ 0.01, cluster corrected; Table  2 ). No significant activations were found for comparison of brain tumor patients with controls.
To further examine the differential changes in left hippocampal activity between groups, we extracted the mean percentage signal change from the left hippocampal activation (Fig. 5, left) . While hippocampal sclerosis patients showed an increase in BOLD signal, brain tumor patients and controls exhibited a slightly reduced BOLD response. Large effect sizes were observed for comparison of percentage signal change between hippocampal sclerosis patients and brain tumor patients (Cohen's d ϭ 1.61) and between hippocampal sclerosis patients and controls (Cohen's d ϭ 1.47). In contrast, there was a small effect size for the comparison of controls and tumor patients (Cohen's d ϭ 0.17). Therefore, when comparing patients with controls, we observed a double dissociation in effect sizes for behavioral memory performance and BOLD change in the left hippocampus. In hippocampal sclerosis patients, a small effects size in memory performance (i.e., memory performance at the level of controls) was associated with a large effect size in the percentage signal change analysis of the left hippocampal ROI (increased hippocampal activity compared with controls). The opposite pattern, large effect size for memory performance (i.e., a memory deficit compared with controls) and small effect size of percentage signal change analysis of the left hippocampal ROI (hippocampal activity similar to controls), was found for brain tumor patients.
We also analyzed whether BOLD activity in the left hippocampal ROI predicted performance in the association memory task in patients. Indeed, association memory performance correlated significantly with the percentage signal change in the left hippocampal ROI (r ϭ 0.75, 95% CI 0.27-0.93, p ϭ 0.008; Fig. 5, right) . In a stepwise linear regression, the variable group did not enter the model (beta ϭ 0.138, partial correlation ϭ 0.113, p ϭ 0.757), whereas percentage signal change entered the model and explained 56% of the variance of memory performance (r 2 ϭ 0.56, p ϭ 0.008).
To examine possible compensatory contributions of neocortical brain regions, we performed a whole-brain analysis for the contrast association Ͼ control task. We found a greater BOLD response for hippocampal sclerosis patients compared with brain tumor patients bilaterally in the DLPFC, in the inferior temporal cortex, and in the PPC extending into the precuneus bilaterally. ROI analysis results from the contrast of association versus control trials (z > 2.3, p < 0.05, cluster corrected We also observed a greater change in BOLD signal of the left thalamus. Activations were pronounced in the left hemisphere, with larger cluster sizes and greater z-values (Fig. 6, Table 3 ). A similar pattern of a bilateral but left-lateralized network was observed for the contrast of hippocampal sclerosis patients and controls, with bilateral activations in the DLPFC, the superior frontal gyrus, the medial frontal gyrus, and the PPC (Fig.  6 , Table 3 ). Percentage signal change analyses revealed a different pattern in comparison to hippocampal activity. Hippocampal sclerosis patients showed a larger BOLD signal increase than controls, whereas in brain tumor patients a reduced BOLD signal was observed (Fig.  7) . Performance in the association memory tasks correlated significantly with percentage signal change in the left DLPFC ROI (r ϭ 0.46, 95% CI 0.067-0.726, p ϭ 0.025). In a stepwise linear regression analysis, group did not enter the model ( p ϭ 0.28), whereas percentage signal change explained 21% of the variance (r 2 ϭ 0.21, p ϭ 0.025).
Discussion
We investigated the mechanisms mediating normal associative short-term memory performance in human subjects with damage to the right hippocampal formation. Two patient groups with similar surgical treatment, lesion extent, and time since resection were studied. However, groups differed significantly with respect to their performance in an associative short-term memory task that has been shown previously to depend on integrity of the right hippocampus Finke et al., 2008) . In fMRI, differential activation patterns were observed between patient groups, strongly suggesting that successful compensation of unilateral hippocampal dysfunction results from complex network reorganization. In patients with normal memory performance, this pattern consisted both of activation of the contralateral hippocampus and of increased recruitment of a widespread shortterm memory network in neocortex. The approach chosen for our study differs in several respects from previous functional imaging studies on unoperated patients with hippocampal pathology. In most of these studies, ambiguities on the functional status of the diseased hippocampus and a possible contribution of active epilepsy interfered with an unequivocal interpretation of brain activation in the intact hippocampus and extrahippocampal regions (Janszky et al., -brain analysis results from the contrast of association versus control trials (z > 2.3, p < 0.05, cluster corrected 2004; Powell et al., 2007; Figueiredo et al., 2008; Bonelli et al., 2010) . The patients investigated here were seizure-free and had postsurgical hippocampal lesions that excluded any residual function within the lesion. In addition, similar anticonvulsive treatment was present in both of our patient groups, rendering pharmacological effects on group differences in fMRI results unlikely (Koepp, 2011) . We are thus confident that the correlation between performance and left hippocampal activation observed here results from compensatory reorganization of a memory network that normally depends on integrity of the right hippocampus. It has been questioned repeatedly whether contralesional hippocampal activation in patients with unilateral hippocampal pathology reflects compensation or if it indicates inefficient reorganization. In the latter view, activity in residual ipsilesional hippocampal structures is supposed to be the main mechanism supporting intact memory (Duncan, 2010) . For example, in patients with unoperated unilateral hippocampal sclerosis, greater activation of the diseased hippocampus was associated with better memory performance for verbal and visual stimuli, whereas greater activation of the intact hippocampus was associated with decreased performance (Powell et al., 2007) . In addition, changes in functional connectivity between contralateral hippocampus and neocortical regions may not necessarily indicate compensatory mechanisms, but have also been found to reflect pathological brain plasticity (Campo et al., 2012) . This contrasts with recent studies showing positive correlations between resting state functional connectivity of the unaffected MTL and performance in memory tasks (Bettus et al., 2009; Doucet et al., 2012) . Similarly, it has been observed that patients with unilateral hippocampal sclerosis activate the contralateral MTL during encoding of visual stimuli (Figueiredo et al., 2008) . Using multivoxel pattern analysis, activity patterns of specific memories were detected in the contralateral but not in the sclerotic hippocampus (Bonnici et al., 2013) . Our findings do not reconcile these divergent results, but do provide strong and direct evidence that recruitment of the contralateral hippocampus in our patients is neither a mere disease-related phenomenon nor a marker of incomplete compensation, but rather an important element of successful reorganization of associative short-term memory. It should be kept in mind that hippocampal sclerosis is not a homogenous entity and that neuronal cell loss in hippocampal subfields is variable (Wyler et al., 1992; Blümcke et al., 2007) . It is thus tempting to speculate that some of the discrepancies between our results and previous studies may have been caused by heterogeneous neuropathology that may have differentially modulated the efficiency of functional reorganization processes.
So far, most previous functional imaging studies in patients with hippocampal damage have restricted analysis to regions of interest in the MTLs ipsilateral and contralateral to the lesion side. This approach undoubtedly yields valuable information for treatment of individual patients (Duncan, 2010) . However, the activation pattern in our patients with intact memory performance shows that successful memory reorganization with hippocampal damage is more than activation of residual ipsilateral hippocampus or trans-hemispheric shift of function into intact contralateral hippocampus. Consistent with the position of the hippocampus as a densely interconnected hub within brain networks (van den Heuvel and Sporns, 2011), lesion of the hippocampus and subsequent reorganization processes in our patients appear to produce significant nonlocal changes in brain activation that include widely distributed neocortical regions in both hemispheres (Alstott et al., 2009) . Compared with patients with deficient performance, patients with intact memory performance showed increased recruitment of a bilateral frontoparietal network that has been reported repeatedly in visual working memory studies (Ranganath and D'Esposito, 2001; Pessoa et al., 2002; Wager and Smith, 2003) and that was also active in our healthy control group. More specifically, activation of corresponding regions in prefrontal and parietal cortex has been found while normal subjects performed short-term memory tasks with delayed match-to-sample designs that required association of visual and spatial information across delays of some seconds (Piekema et al., 2006 (Piekema et al., , 2010 Hannula and Ranganath, 2008) . Activity in the left DLPFC moreover correlated with performance in our memory task, thus suggesting that-with the exception of the left hippocampus-reorganization of associative short-term memory mainly occurs by increased recruitment of a preexisting memory network. This complements recent findings from magnetoencephalic recordings in patients with memory disorders after traumatic brain injury, which showed that successful rehabilitation of memory is paralleled by changes in cerebral connectivity profiles that become progressively similar to controls (Castellanos et al., 2010) .
The co-occurrence of left hippocampal and bilateral neocortical activation in patients with intact associative short-term memory and the absence of both in patients with deficient performance suggest that these two phenomena may be interdependent. In normal human subjects, synchronization of neural oscillatory activity between hippocampus and neocortex appears to be an important mechanism for maintenance of information across short-term memory delays (Düzel et al., 2010; Fell and Axmacher, 2011; Poch and Campo, 2012) . Studies in experimental animals showed that neocortical activity is coordinated by hippocampal activity in the theta range (Jones and Wilson, 2005; Lee et al., 2005) . Correspondingly, patients with hippocampal pathology and associative short-term memory deficits have shown a loss of synchrony in the theta range between occipital and temporal brain regions that was selective for an associative memory task (Cashdollar et al., 2009) . These findings therefore suggest that neocortical activity during the memory delay of such tasks may depend critically on hippocampal integrity. Although speculative, an extension of this conclusion from our findings would be that enhanced recruitment of an associative short-term memory network in neocortex that compensates for right hippocampal damage may depend on the left hippocampus.
What drives development of the compensatory activation pattern in our patients? Although similar in terms of lesions and most clinical variables, the investigated patient groups differed significantly in the preoperative time course of the underlying disorder. In patients with successful compensation, epilepsy had its onset in childhood or youth, whereas in patients with deficient performance, onset of epilepsy was less than 2 years preoperatively. The current pathophysiological model of hippocampal sclerosis suggests that onset of hippocampal pathology may even precede onset of epilepsy by a latent period of several years (Baulac et al., 2004; Sadler, 2006) . Therefore, early onset and total disease duration are factors that may have contributed to or allowed for successful compensation. In addition, evidence from imaging studies in epilepsy patients further suggests that seizure activity may activate processes of compensatory plasticity (Janszky et al., 2004; Figueiredo et al., 2008) . Preoperative seizure frequency thus may also have influenced functional compensation in our patients. It remains to be determined whether the observed memory network reorganization is disease specific or if it also occurs with other major neurological disorders that lead to focal lesions affecting the MTL, such as herpes encephalitis, amnestic stroke, or traumatic brain injury (Bartsch, 2012) . At least for non-focal bilateral diseases affecting the hippocampal formation, such as in Alzheimer's disease and mild cognitive impairment, compensatory recruitment of neocortical regions during memory tasks has been reported (Dickerson and Sperling, 2009; Schwindt and Black, 2009 ). This is particularly intriguing because this process may provide targets for nonpharmacological neuromodulation techniques in patients with memory disorders (Rossi and Rossini, 2004; Manenti et al., 2012; Nardone et al., 2012) .
In summary, we have shown that successful reorganization of a memory function after focal hippocampal damage is achieved by recruitment of an extended network that involves the contralateral hippocampus and widely distributed regions of neocortex in both hemispheres. It appears that for this pattern to develop, residual functional hippocampal structures and the temporal properties of the underlying disease are important prerequisites. Longitudinal studies in patients with focal hippocampal lesions that combine behavioral and imaging measures may clarify whether analysis of memory-related activations will allow for individual prediction of memory reorganization and for corresponding therapeutic interventions in diseases affecting the hippocampus.
